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Spin labelingHuman lens lipid membranes prepared using a rapid solvent exchange method from the total lipids extracted
from the clear lens cortex and nucleus of 41- to 60-year-old donors were investigated using electron paramag-
netic resonance spin-labeling. Proﬁles of the phospholipid alkyl-chain order, ﬂuidity, oxygen transport parame-
ter, and hydrophobicitywere assessed across coexistingmembrane domains.Membranes prepared from the lens
cortex and nucleus were found to contain two distinct lipid environments, the bulk phospholipid–cholesterol
domain and the cholesterol bilayer domain (CBD). The alkyl chains of phospholipids were strongly ordered at
all depths, indicating that the amplitude of the wobbling motion of alkyl chains was small. However, proﬁles
of the membrane ﬂuidity, which explicitly contain time (expressed as the spin-lattice relaxation rate) and de-
pend on the rotational motion of spin labels, show relatively high ﬂuidity of alkyl chains close to the membrane
center. Proﬁles of the oxygen transport parameter and hydrophobicity have a rectangular shape and also indicate
a high ﬂuidity and hydrophobicity of the membrane center. The amount of CBD was greater in nuclear mem-
branes than in cortical membranes. The presence of the CBD in lens lipid membranes, which at 37 °C showed
a permeability coefﬁcient for oxygen about 60% smaller than across a water layer of the same thickness, would
be expected to raise the barrier for oxygen transport across the ﬁber cell membrane. Properties of humanmem-
branes are compared with those obtained for membranes made of lipids extracted from cortex and nucleus of
porcine and bovine eye lenses.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
The ﬁber cell plasma membrane is a structure that can affect the
function of the entire eye lens. Its properties are largely determined
by two components: (1) membrane proteins (which allow communi-
cation between the layers of ﬁber cells) and (2) the lipid bilayer por-
tion of the membrane (which determines bulk membrane properties,
including diffusion barriers, and may also affect the properties of
membrane proteins) [1,2]. Previously, we successfully applied elec-
tron paramagnetic resonance (EPR) spin-labeling methods to study
the properties of the lipid bilayer portion of bovine and porcine lens
membranes. First, we studied lens lipid membranes (without pro-
teins) made of the total lipids extracted from ﬁber cell plasma
membranes [3,4], as well as lipid membranes prepared from lipids
extracted from the cortical and nuclear regions of the eye lens [5,6].
Second, we examined intact ﬁber cell plasma membranes (containing, Medical College of Wisconsin,
USA. Tel.: +1 414 955 4038;
i).
l rights reserved.proteins) isolated from the cortical and nuclear regions of the porcine
lens [7]. Maturation of ﬁber cells results in a loss of cellular organelles
[8–10]. Thus, the plasma membrane essentially becomes the only
membranous structure of the cell [11]. The goal of the presented re-
search is to study the properties of human lens lipid membranes
made from the total lipids extracted from the cortical and nuclear re-
gions of the clear human eye lenses of 41- to 60-year-old donors. This
research is important for further studies of membranes from a clear
human lens of different age groups and membranes from cataractous
human lenses.
The plasmamembrane of the human ﬁber cell has a uniquemolecu-
lar composition, with an extremely high level of cholesterol [12–14].
A Cholesterol-to-phospholipid (Chol/PL) molar ratio from 1 to 2
is shown in the cortex and a ratio as high as 4 is present in the lens
nucleus. It also has been found that during aging the Chol/PL ratio in-
creases [12–14]. At an elevated Chol concentration, the entire mem-
brane becomes saturated with Chol and is in the liquid-ordered-like
phase (organized like a raft [2]). It has also been hypothesized that
under these conditions Chol forms immiscible cholesterol bilayer do-
mains (CBDs) within the bulk membrane [1,15]. It is understood that
these domains play a positive physiological role in the eye, maintaining
lens transparency to visible light [15–18].
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content of sphingomyelins (SMs) [19–21]. For 70-year-old donors,
they account for two-thirds of membrane PLs [22]. Phosphatidylcho-
line (PC) is the major PL in the lens membranes of animals with short
life spans, while SM is the predominant PL in the lens membranes of
animals (including humans) with long life spans [22,23]. Changes
that occur with age in the human lens include the depletion of
glycerophospholipids and increased amounts of SMs, with preferential
enlargement in dihydro-SM [1]. A high content of saturated sphingolipids
[19–21], and only traces of polyunsaturated fatty acids [24,25], ensure the
physical [3,23] and chemical [26] stabilities (rigidity and resistance to
peroxidation) of the membrane. Age-related changes in lipid composi-
tion are reﬂected in regional differences in the ﬁber cell membrane
[17,27]. Speciﬁcally, there is a higher Chol/PL molar ratio in the nucleus
than in the cortex [5,28–31]. Nuclear membranes contain more
sphingolipids than cortical [1]. The amount of proteins inﬁber cell plasma
membranes increases with age. Therefore, intact nuclear membranes are
also denser in proteins than cortical membranes [17].
Such great variation in PL composition and Chol content with age
and lens region suggests that unique mechanisms exist to maintain
homeostasis in the ﬁber cell membrane. This observation is especially
signiﬁcant for humans. Humans have the longest life span, and
changes in their lens lipid composition with age are the most pro-
nounced [1,12,13,27]. We cannot assume that the properties of ani-
mal lens lipid membranes (isolated from animals two-year-old or
younger) described previously [3–6] can properly reﬂect the proper-
ties of human lens lipid membranes from adult donors. Thus, we
presented results about the properties of human lens lipid mem-
branes obtained using EPR spectroscopy with PL and Chol analog
spin labels (see Fig. 1 in Ref. [7] for their structures). Additionally, in
the presented investigations, the rapid solvent exchange method
was used for the preparation of human lens lipid membranes. This
method is preferable to the ﬁlm deposition method we previously
used. At a high Chol content in the lipid mixture (which is the case
for lipid extracts from the human lens cortex and nucleus), and
during membrane preparation using the ﬁlm deposition method,
the lipid mixture passes through the solid-state intermediate, at
which point solid-state demixing of Chol can occur. This can produce
a lower Chol content in the PL bilayer because Chol trapped in these
solid-state structures (Chol crystals) does not participate in further li-
posome formation [32]. We also applied a new EPR spin-labeling
method to study the proﬁles of membrane ﬂuidity as compared with
previous studies. This new T1-sensitive EPR spin-labeling method is de-
scribed in recent papers [33,34].
2. Materials and methods
2.1. Materials
One-palmitoyl-2-(n-doxylstearoyl)phosphatidylcholine (n-PC,
n=5, 7, 10, 12, 14, or 16) and tempocholine-1-palmitoyl-2-
oleoylphosphatidic acid ester (T-PC) spin labels were obtained
from Avanti Polar Lipids, Inc. (Alabaster, AL). Cholesterol analogs
(androstane spin label [ASL] and cholestane spin label [CSL]) and
9-doxylstearic acid spin labels (9-SASL) were purchased from
Molecular Probes (Eugene, OR). (See Fig. 1 in [7] for spin-label
structures.) Other chemicals of at least reagent grade were pur-
chased from Sigma-Aldrich (St. Louis, MO).
2.2. Isolation of total lipids from the cortical and nuclear ﬁber-cell
membranes of human eye lenses and analysis of lipid composition
Fifty clear human lenses were obtained from the Lions Eye Bank of
Wisconsin. Lens sample donors ranged in age from 41 to 60 years.
Lenses were removed in situ from refrigerated bodies within an average
time frame of 9 h postmortem. All of the lenses were stored at−80 °Cuntil lipid isolations were performed. Fifty lenses were accumulated
over fourmonths, and then the lipid isolationswere performed. The cor-
tical and nuclear regions of the lenses were separated based on differ-
ences in tissue consistency [28,35]. The total lipids from the cortical or
nuclear samples were extracted separately based on minor modiﬁca-
tions of the Folch procedure [36]. Details of these procedures were de-
scribed earlier [6]. The resultant lipid samples were soft, white solids
and were stored at−20 °C.
The samples were sent to Avanti Polar Lipids (Alabaster, AL) for an
analysis of the total lipid extract using the high-performance liquid
chromatography. Results for the cortex and nucleus samples, respec-
tively, are as follows: 1.38 and 2.1 for Chol/PL, 0.22 and 0.21 for PC/PL,
0.59 and 0.61 for SM/PL, 0.08 and 0.06 for PS/PL, and 0.10 and 0.11 for
PE/PL. Values of the Chol/PL molar ratios in our samples are close to
the values reported earlier for the pools of human lenses ranging
from 13 to 68 years old: 2.6 for cortical and 3.2 for nuclear mem-
branes [31]. Values of 1.4 for cortical and of 2.4 for nuclear mem-
branes were also reported [24]. A value of 3.0 was reported for
membranes prepared from whole lens [25]. However, there is evi-
dence that multilamellar bodies of the ﬁber cell cytoplasm contain
Chol [37,38] that can affect (increase) the Chol/PL molar ratio in
membranes calculated based on the total lipid extraction. The relative
abundance of phospholipid classes (PC, phosphatidylcholine; SM,
sphingomyelin plus dihydrosphingomyelin; PS, phosphatidylserine;
PE, phosphatidylethanolamine) is close to the amount reported in [22].
2.3. Preparation of samples for EPR measurements
The membranes were prepared using the rapid solvent exchange
method [32,39,40] with the apparatus that was recently built in our
lab, as described in detail in [39]. This preparation forms probably
multilamellar liposomes, but it was not checked here. This improved
design increased solvent-removal efﬁciency twofold. A chloroform
solution of lens lipids with a ﬁnal volume of 75 μL was added at
room temperature to the 1.2 mL of buffer (10 mM PIPES and
150 mM NaCl, pH 7.0) in a test tube. As described [39], the tube
was mounted on a laboratory vortexer and coupled to the sample
manifold of the rapid solvent exchange device. The vortexer was actu-
ated, the ﬂushing-argon ﬂow rate was conﬁrmed, and the manifold
valve was quickly opened to a trap-protected vacuum system preset
at ~25 Torr. After the appropriate time elapsed, the vortexer was
stopped, the manifold was vented, and the sample tube was removed
from the device. The membrane suspensions were then used for EPR
experiments. As was indicated in [39] the 100 s was an enough time
to remove chloroform from samples. To ensure that all chloroform
was removed, we kept samples under the reduced pressure for
4 min, which caused the reduction of the buffer volume to 1.0 mL.
Although, we made all possible efforts to completely remove chloro-
form from our samples, the amount of solvent left in the lipids inves-
tigated was not checked. Thus, we cannot completely neglect the case
that a residual solvent may modify membrane properties.
For EPR measurements the membrane suspensions (containing 1 to
2 mg/mL of total lipids to which ~1 mol% spin label (n-PC, T-PC, 9-SASL,
ASL, or CSL) was added) were centrifuged brieﬂy (12,000 g, 15 min,
4 °C), and the loose pellet (~20% lipid, wt/wt) was transferred to a
0.6 mm i.d. capillary made of gas-permeable methylpentene polymer
(TPX) and used for EPR measurements [41]. Each membrane sample
was prepared from stock solutions. EPRmeasurements were completed
on the same day.
2.4. EPR measurements
To further increase the signal-to-noise ratio, samples were
centrifuged in TPX capillaries as described in [41]. Conventional EPR
spectra were recorded with a Bruker EMX spectrometer equipped
with temperature-control accessories. All spectra were obtained at
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power of 5.0 mW. Samples were thoroughly deoxygenated, yielding
correct EPR lineshapes. To assess the order parameter, A′∥ andA
′
⊥ values
were measured directly from the EPR spectra, as indicated in Fig. 1A.
The order parameter was calculated, as described in detail in Ref. [42].
Due to the sharpness of the EPR lines and the method of measurement,
A′∥ and A
′
⊥ values could be measured with an accuracy of ±0.1 G, and
the order parameter could be evaluated with an accuracy of ±0.015.
To measure hydrophobicity, the z-component of the hyperﬁne interac-
tion tensor of n-PC or 9-SASL, AZ, was determined from the EPR spectra
(as indicated in Fig. 5A) for samples frozen at –165 °C, and recorded
with a modulation amplitude of 2.0 G and an incident microwave
power of 2.0 mW [43]. Values of 2AZ were measured with an accuracy
of ±0.25 G.
Spin-lattice relaxation times, T1s, of spin labels were determined
by analyzing the saturation recovery (SR) signal of the central line
obtained by short-pulse SR EPR at X-band [44–46]. Accumulation ofFig. 1. (A) Representative EPR spectra of 5- and 16-PC from cortical lens lipid mem-
branes. Spectra were recorded at 37 °C. Measured values used to calculate the order
parameter are indicated. The positions of certain peaks were evaluated with a high
level of accuracy. They were monitored at a receiver gain ten times higher and,
when necessary, a higher modulation amplitude. (B) Proﬁles of the order parameter
were obtained at 37 °C for cortical and nuclear lens lipid membranes (PCD, phospho-
lipid–cholesterol domain). Approximate localizations of the nitroxide moieties of
spin labels are indicated by arrows.the decay signals was carried out with 2048 data points on each
decay. T1s of spin labels (membrane ﬂuidity) were determined, as in-
dicated in Fig. 2A, for thoroughly deoxygenated samples [33]. For
measurements of the oxygen transport parameter (Figs. 3A, 4A and C),
the sample was equilibrated with the same gas used for temperature
control (i.e., a controlled mixture of nitrogen and dry air adjusted with
ﬂowmeters [Matheson Gas Products, model 7631H-604]) [41,47,48].
For measurements of the NiEDDA accessibility parameter (Fig. 4B and
D), a 20 mM NiEDDA was present in the buffer and SR measure-
ments were performed for deoxygenated samples [49,50]. SR signals
were ﬁtted by single- or double-exponential functions. The standardFig. 2. (A) Representative SR signals with ﬁtted curves and residuals (the experimental sig-
nal minus the ﬁtted curve) of 5- and 16-PC from cortical lens lipidmembranes. Signals were
recorded for deoxygenated samples (equilibrated with 100% nitrogen). The SR signals
can be satisfactorily ﬁtted with a single exponential function: for 5-PC, with a time constant
of 4.58±0.01 μs, and for 16-PC, with a time constant of 1.45±0.01 μs (see residuals).
(B) Proﬁles of T1−1 (the spin-lattice relaxation rate) obtained at 37 °C for cortical and nuclear
lens lipid membranes (PCD, phospholipid–cholesterol domain). Approximate localizations
of the nitroxide moieties of spin labels are indicated by arrows.
Fig. 3. A) Representative SR signals with ﬁtted curves and residuals (the experimental
signal minus the ﬁtted curve) of 5-PC and 16-PC from nuclear lens lipid membranes.
Signals were recorded for samples equilibrated with 100% nitrogen and a gas
mixture of 50% air/50% nitrogen. All SR signals can be satisfactorily ﬁtted with a single
exponential function: for 5-PC, with time constants of 4.67±0.01 μs and 2.24±0.1 μs,
respectively; for deoxygenated samples and samples equilibrated with 50% air and for
16-PC, with time constants of 1.46±0.01 μs and 0.42±0.01 μs, respectively; for
deoxygenated samples and samples equilibrated with 50% air (see residuals, upper re-
siduals are for deoxygenated samples and lower residuals are for samples equilibrated
with 50% air). (B) Proﬁles of the oxygen transport parameter for cortical and nuclear
lens lipid membranes at 37 °C (PCD, phospholipid–cholesterol domain). Approximate
localizations of the nitroxide moieties of spin labels are indicated by arrows. Localiza-
tions of the nitroxide moieties of Chol analog spin labels of ASL and CSL in the PCD and
the CBD are explained in Section 3.5 of Ref. [4].
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less than 0.05%. However, the decay times determined from sample to
sample were with an accuracy of ±3% when a single-exponential ﬁt
was satisfactory and with accuracies of less than ±5% and ±10% for
longer and shorter recovery time constants, respectively, when a
double-exponential ﬁt was satisfactory.
3. Results and discussion
PL and Chol analog spin labels are incorporated in the membrane
with the nitroxide moiety located at speciﬁc depths and in speciﬁc
membrane domains. These spin labels should approximate Chol–PL
and Chol–Chol interactions in the membrane as well as be distributed
between different membrane domains similarly to parent molecules
[3–5]. A schematic drawing that shows possible cases of spin-label
distribution that may be relevant to eye–lens–lipid membranes is
shown in Fig. 2 of Ref. [2]. In membranes oversaturated with Chol,
in which CBDs are formed (which is the case for human lens lipid
membranes), the PL analog spin labels should partition only into the
bulk PL–Chol domain, and the Chol analogs should be distributed be-
tween the two domains. Thus, only Chol analog spin labels can dis-
criminate the two coexisting domains (Section 3.3). However, the
unique distribution of PL analog spin labels allows proﬁles of the
order parameter and ﬂuidity (Section 3.1), oxygen transport parame-
ter (Section 3.2), and hydrophobicity (Section 3.4) to be obtained in
the bulk PL–Chol domain without “contamination” from the CBD.
3.1. Order and ﬂuidity of phospholipid alkyl chains
In n-PC spin labels, the nitroxide moiety is rigidly attached to the
Cn carbon of the alkyl chain of the PL molecule. Therefore, the order
parameter extracted from the conventional EPR spectra (Fig. 1A)
and the dynamic parameter (spin-lattice relaxation rate) extracted
from the saturation-recovery signals (Fig. 2A) reﬂect the order and
dynamics of the rigid alkyl chain fragment Cn−1–Cn–Cn+1. The
order parameter, which describes the amplitude of the wobbling mo-
tion of the alkyl chain fragment, has been routinely used as a measure
of membrane ﬂuidity [51–55]. However, this parameter does not ex-
plicitly contain time or velocity and therefore can be considered
non-dynamic. The spin-lattice relaxation rate (T1−1) obtained from
the SR EPR measurements of lipid spin labels in deoxygenated sam-
ples depends primarily on the rotational correlation time of the
nitroxide moiety within the lipid bilayer [56,57]. Thus, T1−1 can be
used as a convenient quantitative measure of membrane ﬂuidity
that reﬂects the local motional properties of the lipid alkyl chain
[6,33,34,58,59]. Here, for the ﬁrst time we have used both displays
as a convenient quantitative measure of the alkyl chain order and
the rate of alkyl-chain motion of n-PC and 9-SASL in the cortical and
nuclear lens lipid membranes.
Fig. 1A shows the representative conventional EPR spectra of 5-
and 16-PC in cortical membranes. The values used for the calculation
of the alkyl chain order parameter [42], A′∥ and A
′
⊥, are measured di-
rectly from the spectra as shown in the ﬁgure. Fig. 1B shows the pro-
ﬁles of the order parameter across the PL bilayer portion of cortical
and nuclear lens lipid membranes. Both proﬁles have an inverted
bell-shape and show that alkyl-chain order gradually decreases with
depth in the membrane. Although the PL composition of the cortical
and nuclear membranes differs signiﬁcantly (see Section 2.2), both
proﬁles are practically identical. These proﬁles are also very similar
to those across porcine and bovine lens lipid membranes [5,6],
which have very different PL compositions than human membranes
[22]. Values of the order parameter measured at all depths in
human (Fig. 1B) and in animal lens lipid membranes [3–5,7] are sig-
niﬁcantly greater than those measured for membranes without Chol
[2–5,58,59]. Thus, the ordering effect of Chol on alkyl chains is
Fig. 4. SR signals with ﬁtted curves and residuals for (A, C) ASL and (B, D) CSL in (A, B) cortical and (C, D) nuclear lens lipid membranes. Signals were recorded for samples equil-
ibrated with (A–D) 100% nitrogen, (A, C) a gas mixture of 50% air and 50% nitrogen, and (B, D) in the presence of 20 mM NiEDDA. For deoxygenated samples, SR signals were sat-
isfactorily ﬁt to a single-exponential function with time constants of (A) 3.19±0.01 μs, (B) 3.91±0.01 μs, (C) 3.34±0.01 μs, and (D) 3.92±0.01 μs (upper residuals are for
single-exponential ﬁt). The SR signal for ASL in the presence of molecular oxygen can be ﬁtted satisfactorily only with double-exponential curves with time constants of (A)
1.34±0.2 and 0.53±0.01 μs and (C) 1.62±0.2 and 0.55±0.01 μs (the middle residual is for single- and the lower residual is for double-exponential ﬁts). The SR signal for CSL
in the presence of NiEDDA can be ﬁtted satisfactorily only with double-exponential curves with time constants of (B) 1.54±0.09 and 0.45±0.01 μs and (D) 1.27±0.07 and
0.41±0.01 μs (the middle residual is for single- and the lower residual is for double-exponential ﬁts).
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center.
Results obtained are in principal agreementwith two previous papers
showing that the structural order (the static value of the trans/gauche
rotamer ratio in the hydrocarbon chains) in human lens lipids did not
differ between the human cortex and nucleus [60,61]. Borchman et al.
[62] reported also that the structural order of the bovine cortical and
nuclear lens lipid membranes is similar when the nuclear lipids contain
59 mol% Chol, while cortical lipids contain only 36 mol% Chol. They
suggested that PL composition affects the Chol concentration, at which
the structural orders of cortical and nuclear membranes are similar.
Fig. 2A shows the representative SR signals of 5-PC and 16-PC in de-
oxygenated cortical lens lipid membranes. SR measurements were car-
ried out systematically as a function of the location of the nitroxide
moiety of spin labels in the membrane. SR signals for 5-PC and 16-PC
were ﬁtted successfully to a single-exponential function, indicating that
the environment sensed by these spin labels is homogenous. Similarly,
single-exponential curves were good ﬁts for other n-PC spin labels and
9-SASL both in deoxygenated cortical and nuclear lens lipid membranes
(data not shown). Fluidity proﬁles (T1−1 versus depth in the membrane)
are presented in Fig. 2B. As expected, membrane ﬂuidity (dynamics of PL
alkyl chains) increases toward the center of both membranes (which is
indicated by an increase in T1−1). Similarly to the proﬁles of the orderparameter ﬂuidity proﬁles in cortical and nuclear lens lipid membranes
are practically identical. Thus, the extremely high (saturating) content
of Chol, and not the PL composition, determines the order and ﬂuidity
of PL alkyl chains (but see the discussion in Section 3.5 about the inter-
play between the CBD and the surrounding bulk PL–Chol domain).
In previously published studies [6,58,59], we have shown, using
the dynamic parameter T1−1, that Chol has a rigidifying effect on
alkyl chains only to the depth occupied by the rigid steroid-ring struc-
ture. At deeper locations within the membrane, Chol has a ﬂuidizing
effect. For the same samples, proﬁles of the order parameter show
that Chol has an ordering effect on alkyl chains at all depths. In qua-
ternary PL mixtures, resembling composition of human lenses [22],
Chol decreases membrane dynamics (T1−1 values of PL spin labels)
to the depth of C9, and increases membrane dynamics at deeper loca-
tions. However, the ordering effect of Chol was observed at all depths
(data not shown, but see Fig. 5C and F in [2]). Similar results were also
reported for the ternary mixtures of SM, PC, and Chol, showing that in
the membrane center Chol can increase alkyl chain order and at the
same time increase the rate of alkyl chain rotational motion [63]. All
these data suggest that in human lens lipid membranes Chol decreases
membrane dynamics to a depth to which the rigid ring structure of
Chol is immersed in the membrane, while the mobility of alkyl chains
is enhanced at deeper locations.
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well-established condensing effect of Chol (manifesting itself by the
ordering of alkyl chains), which extends to the whole alkyl chain of
the lipid bilayer [51–53,64,65] and the Chol effect on membrane dy-
namics, which is suppressed only to the depth of the C9 and increased
at deeper locations [33,34,46]. Deviations of the alkyl chain segment
direction from the bilayer normal accumulate as one proceeds from
the bilayer surface to the membrane center, a result of the effective
tethering of the alkyl chain at the bilayer surface. Thus, ordering of
the alkyl chain induced by the steric contact with the plate-like ring
structure of Chol will also cause the ordering of the distal fragment
of the alkyl chain, even though a free volume in the membrane center
is created because the isooctyl chain of Chol has a cross-section much
smaller than that across the Chol ring structure. This free volume,
however, provides an additional opportunity for the gauche–trans
isomerization of the alkyl chains of neighboring PLs, and thus facili-
tates the rate of motion in that region (see also discussion in [46]).
3.2. Membrane ﬂuidity reported in terms of translational diffusion of
molecular oxygen
In another approach, membrane organization and ﬂuidity are
reported on the movement of molecular oxygen within the mem-
brane, but not directly on the motion and organization of alkyl chains.
Here, the observable parameter is the spin-lattice relaxation time (T1)
of spin labels, and the measured value is the bimolecular collision rate
between molecular oxygen and the nitroxide moiety of spin labels
(the oxygen transport parameter) [45,48]. Proﬁles of membrane ﬂu-
idity obtained by these methods differ drastically from the typical
proﬁles of membrane ﬂuidity reported by alkyl chain order and dy-
namics [58]. The oxygen transport parameter reveals more features
and possesses much greater spatial sensitivity (in some cases can dif-
ferentiate the effect of Chol at an atomic resolution [3]).
Fig. 3A shows the representative SR signals of 5-PC and 16-PC in
deoxygenated nuclear lens lipid membranes and membranes equili-
brated with 50% air at 37 °C. All SR signals were ﬁtted successfully
to single-exponential functions. SR measurements were carried out
systematically for all PL analog spin labels as a function of the partial
pressure of oxygen in the equilibrating gas mixture, and single-
exponential recovery was consistently observed. This indicates that
the bulk PL–Chol domain in cortical and nuclear lens lipid membranes
is homogenous (see also [58] for more detail).
Proﬁles of the oxygen transport parameter across the bulk PL–Chol
domain of cortical and nuclear lens lipid membranes are presented in
Fig. 3B. They have a rectangular shape with an abrupt increase in the
oxygen transport parameter between the C9 and C10 positions. This
abrupt increase is as large as 3 times, and the overall change of the
oxygen transport parameter across the membrane becomes as large
as 8 times. The oxygen transport parameter from the membrane sur-
face to the depth of the C9 was as low as in gel-phase PC membranes,
and at locations deeper than the C9, as high as in ﬂuid-phase mem-
branes [45,66]. Similarly to the proﬁles of the order parameter and
the spin-lattice relaxation rate, proﬁles of the oxygen transport pa-
rameter in cortical and nuclear lens lipid membranes are practically
identical. They are also practically identical to those across porcine
and bovine lens lipid membranes [5,6].
These proﬁles are typical for liquid-ordered-phase membranes
saturated with Chol and are very different from the bell-shaped pro-
ﬁle across model membranes without Chol [3–5,58,59] and across
liquid-ordered-phase raft domains containing ~30 mol% Chol (the
minimal concentration of Chol in liquid-ordered-phase membranes)
[67]. All these indicate that the bulk PL–Chol portion of lens lipid
membranes possesses unique properties. As was shown previously
[66], oxygen transport parameter strongly depends on the rate of
gauche–trans isomerization of lipid alkyl chains. According to the pro-
posed model of oxygen transport in the membrane, molecular oxygenenters transient small vacant pockets created by the gauche–trans
isomerization of alkyl chains or by the structural non-conformability
of neighboring molecules (mismatch in surface topography of mole-
cules when two molecules are placed side by side in the membrane),
and oxygen molecule jumps from one pocket to an adjacent one or
moves along with the movement of the pocket itself [66,68–70]. It fol-
lows that the alkyl chains and the rigid plate-like ring structure of
Chol are well packed, with few vacant pockets to even allow the en-
trance and movement of small molecules such as molecular oxygen
and/or the gauche–trans isomerization in this membrane region is as
slow as in the gel-phase membranes. The opposite situation is in
the membrane center. Free volume created because of the difference
in cross-section of Chol ring structure and its isooctyl chain enhances
not only alkyl chain dynamics but also the concentration and diffu-
sion of small molecules. The oxygen transport parameter measured
in the membrane center can be even greater than in membranes
without Chol (see Fig. 6 in [7]).
3.3. Discrimination of membrane domains using cholesterol-analog spin
labels
Because of the high Chol content and the newmethod of liposome
preparation (the rapid solvent exchange method), we expected that
the CBD would be detected using Chol analog spin labels in both
cortical and nuclear human lens lipid membranes. Fig. 4 shows
the representative SR signals of ASL in the presence and absence
of oxygen (A, C) and CSL in the presence and absence of NiEDDA
(B, D) in cortical (A, B) and nuclear (C, D) lens lipid membranes.
The single-exponential ﬁts were satisfactory for both ASL and CSL in
cortical and nuclear membranes in the absence of relaxation agents.
For ASL in the presence of oxygen, the single-exponential ﬁts were
not satisfactory, while the double-exponential ﬁts were excellent
(compare residuals for single- and double-exponential ﬁts in Fig. 4A
and C). T1 values from double-exponential curves allowed us to calcu-
late the oxygen transport parameter in the bulk PL–Chol domain and
in the CBD (see Refs. [4,5,50] for details of assigning SR data to a
certain domain). All SR signals obtained with CSL in the presence of
oxygen were single exponentials (data not shown). Because CSL
should also be distributed between both domains, we conclude that
the collision rate between oxygen and the nitroxide moiety of CSL
(oxygen transport parameter) is the same in the PL–Chol domain and
the CBD (see also the discussion in Ref. [4]). Values of the oxygen trans-
port parameter in discriminated domains are collected in the Table 1.
The water-soluble relaxation agent, NiEDDA, should strongly af-
fect the T1 values of CSL, the spin labels with the nitroxide moiety at
the membrane–water interface. Fig. 4B and D shows the representa-
tive SR signals for CSL in the presence and absence of NiEDDA in
cortical and nuclear lens lipid membranes. In the presence of NiEDDA,
single-exponential ﬁts were not satisfactory, while double-exponential
ﬁts were excellent (compare the residual for single- and double-
exponential ﬁts in Fig. 4B and D). T1 values from double-exponential
curves allowed us to calculate the NiEDDA accessibility parameter in
coexisting membrane domains and assigned them to the bulk PL–Chol
domain (the smaller values) and to the CBD (the greater values) (see
also Refs. [4,5,50] for the detail of assigning SR data to a certain domain).
All SR signals obtained with ASL in the presence of NiEDDA were
single-exponentials, with the time constant nearly the sameas in the ab-
sence of NiEDDA (data not shown). It was conﬁrmed that NiEDDA does
not penetrate themembrane centerwhere the nitroxidemoiety of ASL is
located. Values of the NiEDDA accessibility parameter in discriminated
domains are collected in the Table 1. Thus, the existence of the CBD in
cortical and nuclear lens lipid membranes was conﬁrmed using ASL
and oxygen as relaxation agents and CSL and NiEDDA as relaxation
agents.
The pre-exponential factors in the ﬁtting of the double-exponential
SR curves should indicate a population of ASL or CSL in the CBD and
Table 1
Oxygen transport parameter and NiEDDA accessibility parameter measured with ASL
and CSL in domains of the human lens lipid membrane at 37 °C.
Oxygen transport
parameter
NiEDDAaccessibility
parameter
ASL
(μs−1)
CSL
(μs−1)
ASL
(μs−1)
CSL
(μs−1)
Phospholipid–cholesterol
domain in cortical membrane
3.11 0.39 0.004 0.39
Cholesterol bilayer domain in
cortical membrane
0.78 0.39 0.004 1.97
Phospholipid–cholesterol domain
in nuclear membrane
2.99 0.39 0.005 0.53
Cholesterol bilayer domain in
nuclear membrane
0.56 0.39 0.005 2.18
Fig. 5. (A) Representative EPR spectra of 5- and 16-PC from cortical lens lipid mem-
branes, recorded at –165 °C to cancel motional effects. Themeasured 2AZ value is indicat-
ed. (B) Proﬁles of hydrophobicity (2AZ) for cortical and nuclear lens lipidmembranes (PCD,
phospholipid–cholesterol domain). Approximate localizations of the nitroxide moieties of
spin labels are indicated by arrows.
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of Chol in coexisting domains. These factors were obtained from
double-exponential saturation-recovery curves in the presence of 50%
air (for ASL) and 20 mM NiEDDA (for CSL) in cortical and nuclear lens
lipid membranes. The pre-exponential factors that indicate the popula-
tion of ASL in the CBD and the PL–Chol domain are 0.14 and 0.86 for
cortical and 0.26 and 0.74 for nuclear membranes. Similarly, pre-
exponential factors indicating the population of CSL in the CBD and the
PL–Chol domain are 0.25 and 0.75 for cortical and 0.37 and 0.63 for nu-
clearmembranes. Thus, the amount of Chol involved in the formation of
the CBD is greater in nuclear membranes than in cortical membranes.
This can be the result of the higher Chol content in nuclear membranes
as comparable with that in cortical membranes (but see the discussion
below).
The CBD is observed in cortical and nuclear human lens lipid
membranes from 41- to 60-year-old donors, while it was observed
only in nuclear lens lipid membranes of two-year-old porcine and
bovine [5,6]. Chol content in cortical human lens lipid membranes is
higher compared with that in the cortex of porcine and bovine eye
lenses, which should explain this result. However, in simple binary
mixtures of PLs and Chol, the minimal Chol concentration at
which the CBD starts to be formed depends on the kind of PL. In
1-palmitoyl-2-oleoylphosphatidylserine (POPS) membranes, the
CBD is formed at Chol/POPS molar ratios exceeding 0.5 [50]; in
1-palmitoyl-2-oleoylphosphatidylcholine (POPC) membranes, at
Chol/POPC molar ratios exceeding 1 [49]; and in SM membranes,
at Chol/SM molar ratios equal to or exceeding 2 [71]. Based on
these data we hypothesized [2] that the PL composition of the
lens lipid membrane can determine the Chol concentration at
which the CBD is formed. Thus, the delicate balance between
changes in the lens membrane PL composition and changes in the
Chol content controls the formation of the CBD.
3.4. Hydrophobicity of membrane interior
The EPR spin-labeling method allows hydrophobicity proﬁles
across lipid bilayer membranes to be obtained. In these proﬁles, 2AZ
values (measured directly from EPR spectra as shown in Fig. 5A) are
plotted as a function of the position of the nitroxide moiety of the
spin label within the lipid bilayer. With an increase in hydrophobicity
around the nitroxidemoiety, the 2AZ value decreases (see Fig. 1 in Ref.
[43]). Thus, changes in spectra between 5-PC and 16-PC (Fig. 5A)
indicate that the membrane interior is more hydrophobic than the hy-
drocarbon region close to the membrane surface. Fig. 5B shows the hy-
drophobicity proﬁles across the bulk PL–Chol domain of cortical and
nuclear lens lipid membranes. In both membranes, hydrophobicity pro-
ﬁles show similar rectangular shapes, with an abrupt increase of hydro-
phobicity between C9 and C10. The 2AZ values in the center of both
membranes (positions of 10-, 12-, 14-, and 16-PC) indicate that hydro-
phobicity in this region can be compared to that of hexane anddipropylamine (ε=2.0–2.9), and hydrophobicity near the membrane
surface (positions of 5- and 7-PC) can be compared to that of methanol
and ethanol (ε=24.3–32.6), although this is still considerably less polar
than the bulk aqueous phase (ε=80). We relate the local hydrophobic-
ity as observed by 2AZ to the hydrophobicity (or ε) of the bulk organic
solvent by referring to Fig. 2 in Ref. [43].
The rectangular hydrophobicity proﬁle is characteristic for PL mem-
branes saturatedwith Cholwhere the abrupt increase in hydrophobicity
occurs betweenC9 andC10 [2–6,58,59]. Interestingly,whenmembranes
contain a lower Chol concentration (30 mol%), the abrupt increase oc-
curs between C7 and C9 for saturated membranes and membranes
containing trans double bonds, and between C9 and C10 for unsaturated
membranes containing cis double bonds [43]. Lens lipid membranes are
saturated with Chol and contain mostly saturated alkyl chains. For all
these membranes made from lipids isolated from the eye lenses of dif-
ferent species the abrupt increase of hydrophobicity was always ob-
served between C9 and C10 positions. Also all these membranes show
similar, high hydrophobicity in the membrane center (ε=2.0–2.9).
However, the hydrophobicity to the depth of C9 differs from species to
species and is higher in cortical than in nuclear membranes [5,7].
High Chol content is responsible for the formation of the hydro-
phobic barrier in human cortical and nuclear lens lipid membranes.
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barrier ensures that the transport of water, ions, and other small polar
and ionic molecules is tightly controlled by membrane proteins,
which allow communication between the layers of ﬁber cells [72,73].
3.5. Permeability of oxygen across membrane domains
For further processing of our data, we included oxygen transport
parameter values obtained with ASL and CSL into the proﬁles
presented in Fig. 3B. As can be seen, one of the two oxygen transport
parameter values obtained with ASL ﬁts satisfactorily into the proﬁle
across the PL–Chol domain, which also conﬁrms a correct assignment
of the SR data. The other value indicates the oxygen transport parameter
in the CBD. As explained in Section 3.3, values of the oxygen transport
parameter obtained with CSL are the same in the bulk PL–Chol domain
and the CBD. These data allowed us to draw approximate proﬁles of
the oxygen transport parameter across the CBD of cortical and nuclear
membranes (Fig. 3B). Based on these proﬁles and the method of evalu-
ating themembrane permeability coefﬁcient for oxygen (for details, see
the Sect. Calculation of the membrane permeability coefﬁcient for oxy-
gen in Supporting Material), we evaluated the permeability coefﬁcient
for oxygen across coexisting bulk PL–Chol domains and the CBDs in
human cortical and nuclear lens lipid membranes (Table 2). Values are
similar to those obtained earlier for these domains in porcine and bovine
lens lipid membranes [4,5,7,74]. The permeability coefﬁcient for oxygen
across the CBD formed in human cortical and nuclear lens lipid mem-
branes is also close to what was previously reported across the CBD
formed in porcine and bovine lens lipid membranes and in simple
model membranes [4,5]. There is an interesting interplay between the
CBD and the surrounding bulk PL–Chol domain in lens lipidmembranes.
The CBD provides a buffering capacity for Chol concentration in the
surrounding PL bilayer, keeping it at a constant saturating level. Howev-
er, the PL composition of the lens lipid membrane determines the max-
imal solubility of Chol in the PL environment and therefore controls the
Chol/PL molar ratio at which the pure CBDs begin to form. This mecha-
nism through which Chol-dependent processes in the eye lens could
be regulated is discussed in Ref. [2].
Even though the CBD is a pure Chol bilayer, its properties can be
affected by the size of the domain. For small CBDs, Chol exchange be-
tween the CBD and the surrounding bulk PL–Chol domain (where the
oxygen transport parameter is signiﬁcantly greater) was expected to
result in an increased permeability coefﬁcient for oxygen. This was
the case for simple model membranes with Chol concentrations
only slightly exceeding the concentration necessary for the formation
of the CBD [2,4,59]. At high Chol contents, the permeability coefﬁcient
for oxygen across the CBD remained at a minimal value, similar to
that reported for the CBD in human nuclear lens lipid membranes
(Table 2). Thus, the greater permeability coefﬁcient for oxygen across
the CBD in cortical lens lipid membranes (Table 2) suggests that the
size of CBDs in cortical membranes is smaller than that in nuclear
membranes.
A moderately low permeability coefﬁcient for oxygen across the
bulk PL–Chol domain and the CBD, respectively (Table 2) supports
our conclusion that the lipid bilayer portion of the ﬁber-cell plasmaTable 2
Permeability coefﬁcients for oxygen (PM) across domains in human lens lipid mem-
brane and across a water layer of the same thickness as the domain at 37 °C.
PM
(cm/s)
Phospholipid–cholesterol domain in cortical membrane 54
Phospholipid–cholesterol domain in nuclear membrane 54
Water layer of the same thickness as the phospholipid–cholesterol domain 72
Cholesterol bilayer domain in cortical membrane 40
Cholesterol bilayer domain in nuclear membrane 32
Water layer of the same thickness as the cholesterol bilayer domain 89membrane can form a barrier for oxygen transport into the lens inte-
rior. High barriers formed by the membranes of ﬁber cells can help
maintain a low oxygen partial pressure in the lens nucleus even at a
very low oxygen consumption rate. It should be stressed that oxygen
must pass through thousands of ﬁber cell membranes on its way from
the lens surface to its center and a very small oxygen concentration
difference across each membrane can signiﬁcantly contribute to the
oxygen concentration gradient across the eye lens (see also Ref. [2]
where these problems are discussed in more details).
4. Concluding remarks
We presented detailed proﬁles across domains in cortical and nu-
clear human lens lipid membranes made of lipids extracted from
clear lenses of 41- to 60-year old donors. This age group contains
already-matured lens ﬁber cells with well-separated cortical and nu-
clear regions, but lenses are not yet affected by age. Thus, these
proﬁles should form good starting points for further research on
lenses from different age groups and on cataractous lenses. Compared
with our previous studies on animal lens lipid membranes, we intro-
duce new proﬁles of membrane ﬂuidity, namely, proﬁles of the
spin-lattice relaxation rate, which provide information about the
rate of motion of alkyl chains of PLs. This allowed us to conclude
that alkyl chains are fairly ﬂuid in the central region of lens lipid
membranes. These unique properties of PL–Chol domains in lens
lipid membranes are determined by the saturating amount of Chol.
Although our obtained proﬁles are very similar to those presented
earlier for porcine and bovine lens lipid membranes, the human lens
lipid membranes acquired had drastically different PL compositions.
The results further support our statement that the saturating amount
of Chol is the major factor that determines the bulk properties of the
PL–Chol membranes, while the PL composition controls the Chol/PL
molar ratio at which the membrane becomes saturated with Chol
(at which CBDs begin to form) [2].
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